The sodium-dependent multivitamin transporter (SMVT) is essential for mediating and regulating biotin entry into mammalian cells. In cells, holocarboxylase synthetase (HCS) mediates covalent binding of biotin to histones; biotinylation of lysine-12 in histone H4 (K12BioH4) causes gene repression. Here we propose a novel role for HCS in sensing and regulating levels of biotin in eukaryotic cells. We hypothesize that nuclear translocation of HCS increases in response to biotin supplementation; HCS then biotinylates histone H4 at SMVT promoters, silencing biotin transporter genes. We show that nuclear translocation of HCS is a biotin-dependent process that might involve tyrosine kinases, histone deacetylases, and histone methyltransferases in human lymphoid (Jurkat) cells. The nuclear translocation of HCS correlated with biotin concentrations in cell culture media; the relative enrichment of both HCS and K12BioH4 at SMVT promoter 1 (but not promoter 2) increased by 91% in cells cultured in medium containing 10 nmol/L biotin compared with 0.25 nmol/L biotin. This increase of K12BioH4 at the SMVT promoter was inversely linked to SMVT expression. Biotin homeostasis by HCS-dependent chromatin remodeling at the SMVT promoter 1 locus was disrupted in HCS knockdown cells, as evidenced by abnormal chromatin structure (K12BioH4 abundance) and increased SMVT expression. The findings from this study are consistent with the theory that HCS senses biotin, and that biotin regulates its own cellular uptake by participating in HCS-dependent chromatin remodeling events at the SMVT promoter 1 locus in Jurkat cells.
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Gene regulation at the chromatin level by histone biotinylation
Biotin is attached covalently to at least 2 classes of proteins, carboxylases and histones. Acetyl-CoA carboxylases 1 and 2, propionyl-CoA carboxylase, 3-methylcrotonyl-CoA carboxylase, and pyruvate carboxylase mediate the covalent binding of bicarbonate to organic acids and play essential roles in the metabolism of fatty acids, leucine, and glucose (1). The attachment of biotin to the e-amino group of a specific lysine residue in carboxylases is catalyzed by holocarboxylase synthetase (HCS). 4 In mammals and most other eukaryotes, 5 major classes of histones (H1, H2A, H2B, H3, and H4) play a predominant role in the folding of DNA into chromatin (2) . Histones consist of a globular domain and a more flexible amino terminus (histone ''tail''). DNA and histones form repetitive nucleoprotein units, or nucleosomes (2). Each nucleosome (''nucleosomal core particle'') consists of 146 basepairs of DNA wrapped around an octamer of core histones (1 H3-H3-H4-H4 tetramer and 2 H2A-H2B dimers). The DNA located between nucleosomal core particles binds histone H1.
The amino terminal tail of histones protrudes from the nucleosomal surface; covalent modifications of this tail affect the structure of chromatin and form the basis for gene regulation (3, 4) . Histone tails are modified by covalent acetylation, methylation, phosphorylation, ubiquitination, and poly(ADP-ribosylation) of e-amino groups (lysine ¼ ''K''), guanidino groups (arginine), carboxyl groups (glutamate), and hydroxyl groups (serine) (2) (3) (4) (5) . The various modifications of histones have distinct functions. For example, trimethylation of K4 in histone H3 (K4Me3H3) is associated with transcriptional activation of surrounding DNA, whereas dimethylation of K9 (K9Me2H3) is associated with transcriptional silencing (3, 4) . Covalent modifications of histones are reversible (4) .
Recently, our laboratory and other laboratories identified a novel modification of histones in humans: binding of biotin to lysine residues via an amide bond (6) (7) (8) (9) . In these studies we identified 11 distinct biotinylation sites: K9, K13, K125, K127, and K129 in histone H2A (10); K4, K9, K18, and perhaps K23 in histone H3 (9, 11) ; and K8 and K12 in histone H4 (8) . Importantly, we demonstrated that biotinylation of K12 (and perhaps K8) in histone H4 (K12BioH4) participates in heterochromatin formation and gene repression in human cells (12) , and that biotinylation of histones depends on biotin supply (13, 14) .
An early study (6) suggested that biotinylation of histones is mediated by biotinidase. However, subsequently it was shown that HCS (15) and its microbial ortholog BirA (11) may also biotinylate histones, and that HCS is more important for histone biotinylation than biotinidase (16) . HCS is abundant in the cell nucleus where biotinylation of histones takes place (10, 15) . A study in Drosophila melanogaster (16) suggested that HCS is a chromosome-associated protein, consistent with a role in chromatin structure and remodeling. Nuclear localization and chromosome binding of HCS are difficult to explain, given that HCS lacks both a classical nuclear localization sequence and a DNA-binding domain. Ongoing studies in our laboratory suggest that both nuclear localization and binding to DNA are mediated by interactions of HCS with other proteins (see below).
Biotin transport and its relationship to biotin supply Biotin transport across plasma membranes is a carrier-mediated process (17) . Both Ganapathy and Said (18) (19) (20) (21) have independently shown that uptake of biotin is mediated by the sodiumdependent multivitamin transporter, SMVT. Although SMVT is undoubtedly the primary biotin transporter in mammals, evidence has been provided that the monocarboxylate transporter 1 (MCT1) may also contribute to biotin transport in some tissues (22, 23) .
SMVT and MCT1 are crucial checkpoints for regulating the cellular uptake of biotin, decreasing the risk for deficiency and overdose. For example, we have demonstrated that the expression of biotin transporters in human cells correlates inversely with biotin concentrations in culture media (24) (25) (26) . Moreover, biotin transport rates increase in response to cell proliferation (27) to meet increased biotin requirements for biotinylation of carboxylases (28) and histones (7) . Increased biotin uptake into proliferating cells is mediated by increased abundance of biotin transporters on the cell surface rather than by increased affinity of transporters for biotin (27) . A previous study (26) has linked the cellular uptake of biotin to the abundance of mRNA encoding biotin transporters.
Hypothesis
In Escherichia coli and other enteric bacteria, a complex of BirA and the intermediate biotinyl-AMP binds to promoter regions in the biotin operon, a cluster of genes mediating biotin biosynthesis; binding of biotinyl-AMP/BirA represses the transcription of these genes (29) (Fig. 1). 1) HCS serves as biotin sensor in the cytoplasm.
2) Cellular influx of biotin triggers HCS-mediated biotinylation of HCS-binding proteins, phosphorylation of HCS, or both, thereby causing nuclear translocation of HCS; translocation is mediated by chaperones. 3) Nuclear proteins recruit HCS to specific regions in chromatin, including biotin transporter (SMVT, MCT1) loci. 4) HCS catalyzes biotinylation of histones (K12BioH4), mediating gene silencing. 5) The increased abundance of K12BioH4 at biotin transporter loci in response to biotin supplementation is associated with chromatin remodeling events that decrease the transcription of biotin transporter genes (checkpoints for biotin entry into cells). 6) Vice versa, biotinylation of histones at biotin transporter loci decreases in biotin-deficient cells, increasing transcriptional activity of biotin transporter genes.
Collectively, this model presents an intriguing mechanism by which intracellular biotin directly controls the expression of biotin transporters, mediated by HCS-dependent chromatin remodeling.
Biotin homeostasis
We tested the above hypothesis by using human lymphoid (Jurkat) cells, which were cultured in the following biotindefined media for at least 5 wk prior to sample collection (13): 0.025 nmol/L of biotin (deficient), 0.25 nmol/L of biotin (physiological), and 10 nmol/L of biotin (pharmacological). These concentrations represent plasma from biotin-deficient individuals, normal subjects, and users of biotin supplements (30, 31) . HCS-deficient Jurkat cells were generated by using siRNA and served as controls (13) . Biotin deficiency and HCS knockdown were confirmed using the abundance of holocarboxylases (streptavidin blot) and the expression of HCS (Western blot and real-time PCR) as markers.
The nuclear translocation of HCS depended on biotin: biotinsupplemented . biotin normal . biotin-deficient (13) . Ongoing studies in our laboratory suggest that nuclear translocation of HCS depends on HCS phosphorylation by a tyrosine kinase, and that targeting of HCS to specific gene loci (such as SMVT) might involve chromatin-remodeling enzymes, such as histone deacetylases and a histone H3 K9-methyltransferase.
K12BioH4 increased at SMVT promoter loci in response to biotin supplementation in wild-type cells but not in HCS knockdown cells (13) . For example, if wild-type cells were supplemented with 10 nmol/L biotin, the relative enrichment of SMVT promoter 1 sequences by chromatin immunoprecipitation assay with anti-K12Bio H4 increased by 91 6 6.3% compared with physiological controls. Note that all values in the text are means 6 SD, and that reported differences were statistically different (P , 0.05) unless stated otherwise. Typically, statistical analyses were conducted by 1-way ANOVA and post hoc testing, or by paired t test (see the original references for details). In HCS knockdown cells, the abundance of K12BioH4 at SMVT promoter 1 was ,41% of that in wildtype cells at 10 nmol/L biotin. The relative magnitudes of effects of HCS knockdown on K12BioH4 were similar if cells were cultured in media containing 0.025 and 0.25 nmol/L biotin (data not shown) compared with the effects described for 10 nmol/L biotin. The relative enrichment of SMVT promoter 1 sequences by chromatin immunoprecipitation with anti-HCS was similar to that observed for anti-K12BioH4. For example, biotin supplementation (10 nmol/L) was associated with a 146 6 21% increase of HCS at the SMVT promoter 1 locus compared with physiological controls; this increase was abolished in HCS knockdown cells.
The increase of K12BioH4 and HCS at the SMVT promoter 1 locus in response to biotin supplementation coincided with an increase of the heterochromatin marker K9Me2H3 and a decrease of the euchromatin marker K4Me3H3 (13) . HCS knockdown did not affect K9Me2H3 and K4Me3H3 compared with biotin-matched wild-type controls, e.g., the relative abundance of K9Me2H3 and K4Me3H3 at SMVT promoter 1 in HCS knockdown cells was within 3% of that in wild-type cells at 10 nmol/L biotin.
The transcription of SMVT is regulated by 2 promoters, P1 and P2 (21) . The relative enrichment of K12BioH4 at SMVT promoter 2 sequences exhibited a relatively weak dependence on biotin supply and HCS expression, suggesting that histone modifications other than K12BioH4 might participate in the regulation of SMVT promoter 2 in Jurkat cells (13) . An alternative explanation for this observation would be that P2 is less important than P1 in the transcriptional regulation of SMVT.
Supplementation of wild-type cells with pharmacological doses of biotin was associated with decreased expression of SMVT (13) . The abundance of SMVT mRNA in wild-type cells decreased by ;85% in response to biotin supplementation: 1.0 6 0.05 arbitrary units (0.25 nmol/L biotin) vs. 0.15 6 0.09 arbitrary units (10 nmol/L biotin). This feedback control mechanism was impaired in HCS knockdown cells, where the abundance of SMVT mRNA decreased by only 56% in response to biotin supplementation: 1.13 6 0.06 arbitrary units (0.25 nmol/L biotin) vs. 0.49 6 0.02 arbitrary units (10 nmol/L biotin). Analysis of biotin transport rates corroborated a role for HCS in the regulation of SMVT. Rates of biotin uptake decreased from 2.6 6 0.4 fmol biotin/(mg protein 3 min) in wild-type cells in physiological medium to 1.9 6 0.1 fmol biotin/ (mg protein 3 min) in wild-type cells in pharmacological medium. In contrast, rates of biotin uptake did not decrease in HCS knockdown cells cultured in pharmacological medium [2.7 6 0.1 fmol biotin/(mg protein 3 min)] compared with physiological medium [2.9 6 0.1 fmol biotin/(mg protein 3 min)].
We conclude that the nuclear translocation of HCS depends on biotin in human cells, and that increased nuclear translocation of HCS in biotin-supplemented cells increases the enrichment of K12BioH4 at the smvt P1 locus, thereby repressing SMVT expression. HCS-interacting proteins such as kinases, histone deacetylases, and K9H3-methyltransferases might play important roles in this regulatory loop. This mechanism of biotin homeostasis is analogous to the regulation of biotin biosynthesis in microbes by BirA.
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